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As a first piece in a series of Late Quaternary paleoecological studies on the glacial lake sediments
of the Retezat Mountains, this study discusses radiocarbon chronology and sediment accumulation
rate changes in two sediment profiles in relation to lithostratigraphy, organic content, biogenic silica
and major pollenstratigraphic changes. A total of 25 radiocarbon dates were obtained from sediments
of two lakes, Lake Brazi (TDB-1; 1740 m a.s.l.) and Lake Gales (Gales-3; 1990 m a.s.l.). Age-depth
modeling was performed on TDB-1 using calibrated age ranges from BCal and various curve-fitting
methods in psimpoll. Our results suggest that sediment accumulation began between 15,124–15,755
cal yr BP in both lakes and was continuous throughout the Late Glacial and Holocene. We
demonstrated that local ecosystem productivity showed delayed response to Late Glacial and Early
Holocene climatic changes in the subalpine and alpine zones most likely attributable to the cooling
effect of remnant glaciers and meltwater input. However, regional vegetation response was without
time lag and indicated forestation and warming at 14,450 and 11,550 cal yr BP, and cooling at ca. 12,800
cal yr BP. In the Holocene one major shift was detected, starting around 6300 cal yr BP and
culminating around 5200 cal yr BP. The various proxies suggested summer cooling, shorter duration
of the winter ice-cover season and/or increasing size of the water body, probably in response to
increasing available moisture.
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Introduction 
The highest peaks in the Romanian Carpathians are located in the west-east
trending Southern Carpathians (Fig. 1). These peaks constituted the major areas
of ice accumulation during the Pleistocene glaciations (Urdea 2000, 2004; Reuther
et al. 2007). As a consequence, glacial landforms and lakes are abundant in these
mountains, particularly in the southwestern high mountain range, the Retezat
(Figs 1 and 2). The sediment accumulated in these lakes offers a unique possibility
to study vegetation dynamics, soil changes and aquatic responses to climate
change following glacial retreat. The usefulness of such paleoecological studies
has amply been demonstrated in the Alps, where dozens of glacial lakes were
studied to establish, inter alia, Late Glacial and Holocene tree line oscillations and
soil development (e.g. Lotter and Birks 2003; Tinner and Theurillat 2003; Vescovi
et al. 2007; Kaltenrieder et al. 2009; Ilyashuk et al. 2009). Despite the abundance
of glacial lakes in the South Carpathians, similar analyses have yet to be carried
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Fig. 1
Maps of East-Central Europe (a) and the Retezat Mountains (b) showing the location of Lake Brazi
(1740 m a.s.l.), Lake Gales (1990 m a.s.l.) and two other lakes sampled on the southern slopes. Major
altitudinal vegetation zones are also displayed and color-coded
out. In order to compensate for this lag, an interdisciplinary project, PROLONGE
(Providing long environmental records of Late Quaternary climatic oscillations in
the Retezat Mountains), was launched in 2007, and sediment cores were obtained
from four glacial lakes in the Retezat Mts (Figs 1 and 2). Here we report results
from the study of the two northern slope lakes, Lake Brazi (Taul dintre Brazi) and
Lake Gales (Lacul Galesu) (Fig. 2). 
The aim of the PROLONGE project is to produce regional paleoclimatic and
paleoecological records in a poorly-known high alpine mountain region using
multiple paleoecological techniques: pollen, plant macrofossil, siliceous algae,
Cladocera, chironomid, oxygen isotope and geochemical analyses. We focus on
key sediment sections dated to two periods of rapid warming (GS-2/GI-1 and GS-
1/Holocene transitions at ~14500 and ~11500 cal yr BP), develop chironomid and
oxygen isotope based paleoclimate reconstructions, compare them with climate
models and use them to evaluate the nature and speed of vegetational dynamics
in response to environmental changes, such as variations in temperature, solar
radiation and moisture availability. A second aim of the project is to reconstruct
the chronology and structure of the Holocene tree line oscillations in the Retezat
Mts.
The accuracy of the paleo-proxy records largely depends on exact dating of the
sediment sequences (Walker 2005). As a first step, therefore, we describe the
radiocarbon chronology of the two northern slope lake sediment sequences
(TDB-1 and Gales-3), for which high-resolution biotic and abiotic proxy analyses
have been carried out or are in progress (Buczkó et al. 2009; Magyari et al. 2009a;
Buczkó et al., this issue). We also discuss the problems and merits of the age-
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Fig. 2
Oblique aerial photograph of the region draped on a digital elevation model derived from corrected
SRTM data. Viewed from the north
depth models developed using a large set of radiocarbon dates. Subsequently the
radiocarbon chronologies are used to infer the time by which these glacial lakes
had become liberated from ice and sediment accumulation started. We also make
climatic inferences using the sediment accumulation rate (SAR) and organic
content records, and invoke the pollen record as an independent climatic proxy
to confront the results. 
Study sites
Physical and natural setting
The Retezat Mountains are one of the highest massifs in Romania, with the
highest number of mountain peaks over 2,000 m. The bedrock is predominantly
granodiorite; however, strips of crystalline schist are intercalated between the
two main intrusive blocks, the Retezat and the Buta Massifs. The highest peak is
Peleaga (2,509 m). The number of peaks above 2,000 m a.s.l. is 55, while the
number of permanent glacial lakes is 58 (Jancsik 2001). The landscape has a
typical alpine character since 25% of its total area is situated above the timberline
(~1,800 m a.s.l.). The majority of glacial lakes are situated between 1,900–2,200 m
a.s.l.; one exception is Lake Brazi, which is the lowest altitude glacial lake in the
Retezat at 1,740 m a.s.l. (Fig. 1).
The Retezat is one of the wettest massifs in the Romanian Carpathians (1,400
mm yr-1 at 1,500–1,600 m a.s.l.), due to Mediterranean and oceanic influences
(Jancsik 2001). The mean annual temperature is 6 °C in the foothill zone, but
drops to –2 °C at the highest peaks (2,500 m a.s.l.). January is the coldest month
with –10 °C mean temperature at the peaks, while July is the warmest month,
when mean temperatures range between 6 and 16 °C (Jancsik 2001). The 10 °C
July isotherm runs parallel with the upper tree limit, at an altitude of 1,900 m on
the southern flank, and around 1,800 m on the northern flank. Snowpack
duration is 100 days at low altitudes and approximately 170 days at 2,000 m.
Snow persists in some places even in the summer and sporadic permafrost occurs
at some high elevation sites situated in favorable morphoclimatic conditions
(Kern et al. 2004).
The flora of the Retezat Mts is rich in endemic species (Nyárádi 1958). Ninety
of the recorded 1,190 plant species are endemic; these are mainly alpine meadow
herbs (e.g. Hieracium borzae). Mixed oak forests are found between 550–700 (800)
m a.s.l., followed by beech-fir forests between 700 and 1,200 m a.s.l., spruce
forests between 1,200 and 1,850 m a.s.l. and dwarf pine thickets between 1,850
and 2,250 m a.s.l. Norway spruce (Picea abies) is often mixed with stone pine
(Pinus cembra) and dwarf pine (Pinus mugo) in the upper limit of its range. Alpine
meadows and pastures appear above 2,250 m with dwarf shrubs (Juniperus
communis, Vaccinium myrtillus, V. vitis-idaea, Rhododendron myrtifolium). 
Typical soil types are brown acid soil and feriiluvial brown, rendzina, brown
eumezobazic soil, humicosilicatic soil, podsols and peat podsols. The podsol is
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the most frequent genetic type, not only in the alpine area, but also in the forests.
The brown acid soils and brown eumezobazic soils are more frequent in the
forests.
For the present research two lakes were selected from different altitudes on the
northern flank: Lake Brazi (core TDB-1; 45°23'47"N, 22°54'06"E; 0.5 ha; 1,740 m
a.s.l.; 1 m water depth) from the subalpine belt and Lake Gales (core Gales-3;
45°23'6"N, 22°54'33"E; 3.68 ha; 2,040 m a.s.l.; 20 m water depth) from the alpine
belt (Fig. 1). The lower lake is located in a mixed Norway spruce – stone pine
forest, while the upper lake is ca. 150 m above the timberline in the dwarf pine
zone (Fig. 1). 
Late Pleistocene Glacial Chronology in the northern Retezat Mts
The northern part of the Retezat is characterized by high relief mountain
summits (up to 2,509 m a.s.l.), well-developed U-shaped valleys covered by thick
glacial deposits, and mountain ridges with glacially smoothed relief (former
nunataks; Fig. 2) (Urdea 1993, 2000, 2001). Glacial morphology and the absolute
time of the glacial advances have recently been studied by Urdea (2004) and
Reuther et al. (2007) on the northern flank of the Retezat. According to their
reconstruction, two major glacial advances took place during the last glacial
period (Weichselian). During the Lolaia advance (M1; likely Early Weichselian)
the pre-existing valley network on the southern slopes favored the coalescence of
numerous small glaciers into an 18 km-long glacial complex, whereas on the
northern flank the glacier was only 7 km long. Glaciers descended to 1,060 and
1,035 m a.s.l. on the southern and northern slopes, respectively. The second
major glacial advance, termed Capra-Judele (M2; glacier advance around 16.8±
1.8 ka BP; deglaciation started at 16.1±1.6 ka BP) deposited terminal moraines on
the northern slopes at 1,350 m a.s.l., 5.2 km north of the central crest (Reuther et
al. 2007). Furthermore, a small Late Glacial re-advance (M3) was detected and
dated between 13.6±1.5 and 11.4±1.3 ka BP on the northern slope (Reuther et al.
2007). Several authors argue that the last glacial maximum (LGM) was too dry in
the Retezat Mts, the resulting aridity restricting the formation of valley glaciers
(Posea 2002; Reuther et al. 2007). According to this glacial chronology, sediment
accumulation in the glacial lakes likely started following the M2 advance, after
16.1±1.6 ka BP.
Genesis of the studied lake basins
Lake Brazi is situated at the western marginal side of the Galesu glacial valley
(Fig. 2). The area is covered by a spread boulder deposit probably linked to the
well preserved frontal moraine visible on the opposite side of the valley. The
irregular topographical setting of the lake basin is noteworthy. The lake is not
situated at the valley bottom, but rather at an elevated level; thus, an erosional
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origin is unlikely. The symmetrical circular circumference, relatively small size
and shallow depth suggest kettle-hole origin of the depression. Intensive regular
or occasional debris supply could create debris mantle on the lateral section of the
former glacier, of sufficient thickness to insulate the buried ice (Takeuchi et al.
2000) and prevent it from rapid melting (Schomacker 2008). As the glacier
retreated, the buried ice was detached from the main ice body and became a dead
ice lens that was preserved for a time under the debris mantle.
From a genetic viewpoint Lake Gales is a regular alpine lake. Its basin is a
glacially-carved depression deepened in the cirque floor at the lower sector of the
main corrie of the Galesu glacial valley (Fig. 2).
Methods
Coring and lithostratigraphic description 
The 490-cm sediment core TDB-1 was taken in the central part of Lake Brazi
with a modified Livingstone piston corer 7 cm in diameter, in August 2007. At the
core location water depth was 110 cm. Core segments of 1 m length were
retrieved in plastic pipes, wrapped and transported to the laboratory where they
were stored at 2 °C until further treatment. Coring stopped where glacial till was
reached. Sediment lithology was recorded in the laboratory following the system
of Troels-Smith (1955), immediately after cutting the plastic pipes lengthwise.
The 328-cm sediment core Gales-3 was taken in the central part of Lake Gales
using a modified Kullenberg corer 7 cm in diameter (Emery and Broussard 1954).
At the core location water depth was 19.5 m. Using a 4-m long plastic pipe with a
piston, Gales-3 was cored in one section; therefore, correlation problems between
core sections are avoided. Sample storage and stratigraphic description of the
profile was as described for TDB-1.
Radiocarbon dating
In order to restrict contamination by old carbon, special emphasis was laid on
selecting terrestrial plant macrofossils for AMS 14C dating. Plant macrofossils
were abundant in the Holocene part of both TDB-1 and Gales-3, and some plant
macrofossils were also found in the Late Glacial section of TDB-1. The Late
Glacial part of Gales-3 did not contain terrestrial plant remains. Therefore, we
attempted to date Cladocera eggs (epipphia). In addition, to confirm that
Cladocera-derived 14C dates are not affected by residual old carbon, we dated
plant macrofossils and Cladocera remains from the same sediment sample in
Gales-3 at 179 cm (Table 1).
The material selected for dating was carefully cleaned of contamination and
pre-treated with the AAA method (Mook and Streurman 1983) in order to remove
humic acids and recently introduced CO2. Subsequently, air-dried samples were
transferred to plastic containers and sent to the Poznan Radiocarbon Laboratory
for dating.
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BCal calibration and psimpoll age model calculation
For the calibration of 14C dates we used Bcal (Buck et al. 1999), an on-line
Bayesian radiocarbon calibration tool (http://bcal.shef.ac.uk). BCal gives the
posterior probability distributions on the calendar scale for all dated depths.
These probability distributions are then exported as text files, which are then read
as input to psimpoll (Bennett 2005). In psimpoll, point estimates of calendar ages
are drawn repeatedly from the probability distributions of the dated levels, each
time calculating an age model from the drawn point estimates. Six age models
can be chosen in psimpoll (Bennett 2005); for this study loess smoothing
(Cleveland and Devlin 1988) and linear interpolation were applied between the
dated levels. Loess smoothing fits curves to noisy data by a multivariate
smoothing procedure in a moving fashion that is analogous to how a moving
average is computed for a time series. Linear interpolation involves connecting
the date estimates to each other by lines of constant gradient, giving an overall
model that can change at each date. Although it is known that this must be
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Table 1
Radiocarbon dates from Lake Brazi (TDB-1) and Lake Gales (Gales-3), Retezat Mts., Romania. AMS
14C dates were obtained from the Poznan Radiocarbon Laboratory, Poland
wrong, the method nevertheless provides an age-depth model that is hard to
beat with more sophisticated methods (Bennett and Fuller 2002). In addition, a
non-linear weighted regression function was also applied on the probability
distributions of Late Glacial and Early Holocene radiocarbon dates from TDB-1.
Loss-on-ignition and biogenic silica analyses
Loss-on-ignition (LOI) analysis was used to determine the organic content of
the sediment. It was carried out on 1 cm3 samples at 550 °C following the
recommendations of Heiri et al. (2001). LOI was measured only in samples of
TDB-1 taken at 1 cm (Late Glacial) and 4 cm (Holocene) intervals.
Pollen analysis
Samples of 1 cm3 (Holocene) and 2 cm3 (Late Glacial) wet sediment were
prepared for pollen analysis in the laboratory using standard methods (Moore et
al. 1992) but leaving the acetolysis step out. Pollen and spores were identified and
counted under the microscope at × 400–1000 magnification (see Magyari et al.
(2009a, in prep.) for details.
Results, paleoenvironmental and paleoclimatic inferences
Radiocarbon dates from TDB-1 and Gales-3
Altogether 25 samples were sent out for radiocarbon dating to the Poznan
Radiocarbon Laboratory in Poland. AMS 14C dates were obtained in 22 cases; the
rest of the samples contained too little carbon and were therefore unsuitable for
dating. Table 1 presents the AMS 14C age determinations, along with 2? ranges for
calibrated ages, obtained using BCal (Buck et al. 1999; http:// bcal.sheffield.ac.uk)
and the intcal09 calibration curve (Reimer et al. 2009), depths from which
subsamples were taken and details of material dated. 
Radiocarbon dates from the lower-lying lake, Lake Brazi, show a robust age-
depth relationship: the dates generally increase with depth; only two outliers
were detected at 393 and 591 cm. These two AMS 14C dates were rejected on the
ground of the stratigraphic reversal. The Norway spruce (Picea abies) cone scale at
591 cm gave a much younger age than the sample above it (Table 1). This cone
scale was probably split off from the spruce cone at 545 cm and drifted down
during the coring process. The similarity of the radiocarbon ages of these two
samples (9690 ± 50 and 9610 ± 50 14C yr BP) and their taxonomic identity seem
to support this inference. The second reversed age is at 393 cm; this 14C date is
older than the date above it (at 355 cm). In this case contamination was not
detected in the sediment; therefore, the cause of this age reversal remains
unknown.
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14C age determinations from the Holocene part of the upper lake sediment,
Lake Gales, are generally acceptable: radiocarbon ages increase with depth (Table
1). Furthermore, the plant macrofossil and Cladocera samples at 179 cm gave
very similar 14C ages suggesting that reservoir effect did not occur in the aquatic
environment. Despite this generally good agreement between the plant
macrofossil and Cladocera dates, Cladocera-based radiocarbon ages are
inconsistent as we move to the Late Glacial organic-poor sediment, where plant
macrofossils were absent. In this part of the core radiocarbon ages are
stratigraphically reversed. As shown in Table 1, the carbon content of these
Cladocera samples was very low (e.g. 0.19 mg C); thus contamination by minute
amounts of younger carbon can probably be blamed for the younger-than-
expected radiocarbon dates. 
Our attempt to date the start of sediment accumulation in Lake Gales by 14C
has thus failed, as none of the Cladocera samples had enough carbon for dating
below 300 cm. Accordingly, the possibility to obtain information on the age of
lake formation remains by comparison of the well-dated TDB-1 pollen record
with the Gales-3 pollen record (see below). 
Radiocarbon data from Lake Brazi suggest that sediment accumulation in this
lake started earlier than 13,400 cal year BP and was continuous throughout the
Late Glacial and Holocene until present. The Gales-3 sequence, on the other
hand, probably does not represent the last two millennia of the Holocene; a Pinus
twig dated to ca. 2,060 cal yr BP at 15 cm suggests that coring either started well
below the unconsolidated sediment surface and thus failed to sample the last two
millennia, or the Pinus twig moved upward during the downhill transportation
of the cores, when mixing of the top unconsolidated sediment layers was possible
due to the difficult terrain.
Age-depth modeling and sediment accumulation rates 
In order to estimate the start of sediment accumulation and infer past sediment
accumulation rates in the lower-lying lake, Lake Brazi, age-depth modeling was
performed using radiocarbon dates from TDB-1 and various curve-fitting
methods in psimpoll (Bennett 2005). TDB-1 has a reliable and relatively large set
of radiocarbon data making age-depth modeling feasible. Age-depth modeling
was, however, not attempted in Gales-3 because of the insufficient number of
reliable radiocarbon dates in this core.
Figures 3 and 4 display age-depth models from TDB-1. Depending on the line-
fitting method used, the start of sediment accumulation in TDB-1 was estimated
at 15,124 –15,755 cal yr BP. In the Late Glacial part of the core (between ca. 15,755
and 11,550 cal yr BP) sediment accumulation rates (SAR) are generally low;
depending on the curve-fitting method used, SAR range 74–104 years cm–1
between ca. 15,755 and 13,500 cal yr BP. This corresponds to the extrapolated and
hence most ambiguous part of the age-depth curve; nonetheless the projected
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accumulation rates are in agreement with the expected unproductive
environment. Sediment accumulation rates stay around 76 years cm–1 until
12,740 cal yr BP if linear interpolation is used, but decrease gradually to 68 years
cm–1 if loess-smoothing is used (Fig. 3). A major decrease in SAR is detected by
the linear curve fitting method between 12,740 and 11,645 cal yr BP, when very
low SAR values were inferred (91 years cm–1). It is notable that this time period
broadly corresponds with the Younger Dryas reversal (GS-1; 12,800–11,500 cal yr
BP). When loess smoothing is used, this abrupt decrease in SAR is obscured,
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Fig. 3
Age models for the TDB-1 (Lake Brazi) site: (a) age-depth model based on 12 14C dates, calibration
using BCal and age-model production using linear interpolation in psimpoll; thick gray horizontal
lines indicate the posterior probability distribution of the radiocarbon dates and the middle vertical
lines indicate the mode of posterior probability distribution; solid line indicates the psimpoll age
model; (b) age-depth model based on 12 14C dates, calibration using BCal and age-model production
using loess smoothing in psimpoll, features as per (a); (c) age-depth model based on 10 14C dates,
calibration using BCal and age-model production using linear interpolation in psimpoll, features as
per (a); (d) age-depth model based on 10 14C dates, calibration using BCal and age-model production
using loess smoothing in psimpoll, features as per (a)
because the fitted curve runs outside the posterior probability distributions (see
Fig. 3). In general the BCal-loess interpolation model performed badly in the Late
Glacial section of the core; the fitted curve runs outside of two calibrated age
ranges, suggesting a biased model. The BCal-linear model, on the other hand,
includes several abrupt shifts in SAR by nature, making it also unrealistic. For
these reasons we tried a third method, weighted non-linear polynomial
regression that we applied exclusively on the Late Glacial and Early Holocene
sediment sections (Fig. 4). The advantage of this method over BCal-psimpoll
models is that it takes into account the probability values of the calibrated ages
within the posterior probability range (i.e. gives them a weight). The regression
line between the dated horizons was drawn so as to minimize the sum of least
squares. This age-depth curve (Fig. 4) runs through calibrated ages with high
probability values and its extrapolated end estimates the start of sediment
accumulation at 15,755 cal yr BP (oldest of all estimates). The curve suggests a
near-linear age-depth relationship until ca. 11,800 cal yr BP, followed by rapid
increase in SAR in the Early Holocene. Given that pollen zone boundaries
showed the best fit with the Late Glacial event stratigraphy using this age model
(Fig. 5, see details below), plus that it is the one which takes into account the
posterior probability values and does not run outside the 95% confidence
interval, we chose this age model when plotting biotic and abiotic paleo-
environmental proxies from the Late Glacial and Early Holocene part of TDB-1
(Fig. 5; data in Appendix 1).   
In the Holocene part of core TDB-1 far fewer 14C dates are available and
accordingly the BCal-loess and BCal-linear interpolation models are simpler:
they both indicate a gross increase in SAR in the Early Holocene, at ca. 10,800 cal
yr BP (values between 16–20 yr cm–1), followed by decrease at ca. 7140 cal yr BP
(values around 33–35 years cm–1) and a second period of increased SAR between
3,210 and 1,520 cal yr BP (Figs 3a and 3c). In comparison with the Late Glacial,
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Fig. 4
Non-linear weighted
polynomial regression
for modeling age-depth
relationship in the Late
Glacial and Early
Holocene part of TDB-1
(Lake Brazi, South
Carpathians). The 3D
image displays the
regression line and the
posterior probability
distributions of the 14C
dates
sediment accumulated much faster during the Holocene, and if BCal loess-
smoothing is applied the age-depth relationship is linear after 7,270 cal yr BP
(Figs 3b and 3d), implying steady sediment accumulation rates. The linear
interpolation models also suggest only small departures from a linear age-depth
relationship. The models were run in two different ways for the Holocene;
Figures 3a and 3b display results including all non-outlier dates, while Figures 3c
and 3d display age models that do not use two suspicious radiocarbon dates from
505 and 119 cm. The former is probably too young, though its calibrated age
range is wide (Fig. 3a; Table 1) and thus both BCal-linear and BCal-loess age-
depth curves traverse it. The latter is probably too old: the mode of its calibrated
age range is 673 cal yr BP despite its position being near the sediment surface (9
cm below). Since the sediment surface was clearly visible during the coring
process and securely sampled, the most likely explanation of this discrepancy is
sediment mixing during transportation, similarly to Gales-3.
Using the age-depth models discussed above we developed a consensus
timescale for TDB-1 that for the Late Glacial uses the weighted non-linear
polynomial regression model (Fig. 4), and for the Holocene the BCal-linear
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Fig. 5
Sediment photo, lithostratigraphy, organic matter content as percentage loss-on-ignition at 550 °C
(organic content, % DW) and summary pollen diagrams of the Late Glacial and Early Holocene layers
from TDB-1 (Lake Brazi) and correlation of pollen zone boundaries of TDB-1 with Gales-3 (Lake
Gales). LPAZ: local pollen assemblage zones
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interpolation model (Fig. 3c). The consensus timescale and age-depth model is
presented in Appendix 1 and is used in Fig. 6.
Relative dating of Gales-3 by pollen zone boundaries 
As discussed above, reliable radiocarbon dates were not obtained from the Late
Glacial part of Gales-3. We looked for a different method to date the Late Glacial
part of this record and found that similar pollen stratigraphic changes in Gales-3
and TDB-1 can be used to match the two records and transfer pollen zone
boundary ages from the well-dated TDB-1 record to Gales-3. These were then
used to infer the start of sediment accumulation in Gales-3. Figure 5 displays
summary pollen diagrams from the Late Glacial and Early Holocene parts of both
records with pollen zone boundaries and their correlation. The detailed
description and interpretation of these profiles is published elsewhere (Magyari
et al. 2009a, in prep). During the Late Glacial, characteristic changes in the relative
frequencies of total arboreal pollen are seen in both records, namely at ca. 14,450
cal yr BP, a massive increase in tree and shrub pollen frequencies is seen in TDB-
1 that is also detectable in Gales-3 at 306 cm, and at ca. 12,800 cal yr BP, when
arboreal pollen frequencies decrease markedly in TDB-1 and a similar change is
also present in Gales-3 at 260 cm (Fig. 5). These high-amplitude, changes are
characteristic for the Late Glacial and be correlated with the Bølling/Allerød
interstadial (GI-1) and the Younger Dryas stadial (GS-1; see Fig. 5). If we apply
these pollen zone boundary dates to Gales-3, then the start of sediment
accumulation is inferred to be > 14,500 cal yr BP, most likely between
15,000–16,000 cal yr BP.
Changes in sediment stratigraphy, organic content and biogenic silica 
The 328-cm sediment sequence from Lake Gales (Gales-3) was classified into
ten lithostratigraphic units (Table 2). The lowest part of the sediment profile
(328–269 cm, units 1–2) exhibits light-colored silt and clay dominated sediments
with low organic matter content (note that loss-on-ignition results are not yet
available from Gales-3). Although the pollen record clearly indicates the onset of
the Bølling/Allerød interstadial from 306 cm by increasing tree and shrub pollen
suggesting regional forestation, it seems that locally productivity did not increase
significantly within and around the lake. The change to greenish-grey silty clay
at 269 cm slightly predates the Younger Dryas (YD) cooling (260 cm), while the
pollen record suggests de-forestation and expansion of tundra and cold
continental steppe vegetation (Magyari et al. 2009a; Fig. 5). The color change
indicates slightly increasing productivity in and around the lake implying that
the YD cooling is not expressed in the sediment stratigraphy. The change to mid-
brown/mid-grey silty clay at 206 cm correlates well with the onset of the
Holocene warming placed at 209 cm in the pollen diagram (Fig. 5). The sediment
238 E. K. Magyari et al.
Central European Geology 52, 2009
becomes gradually more organic-rich, suggesting gradual increase in ecosystem
productivity that is in line with the regional climatic trend. Following this
transitional layer, the Holocene layers are organic rich gyttja sediments (fine-
grained, nutrient-rich organic mud) with occasional intercalation of silty clay
layers likely representing episodes of enhanced lakeshore erosion and/or fluvial
activity.
The 490-cm sediment sequence from Lake Brazi (TDB-1) was classified into
eight lithostratigraphic units (Table 2, Figs 5 and 6), and from this core loss-on-
ignition and biogenic silica measurements are also available (Figs 5 and 6). The
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Table 2
Sediment stratigraphy of TDB-1 (Lake Brazi) and Gales-3 (Lake Gales), Retezat Mountains, South
Carpathians, Romania
bottom 3 sediment units (units 1–3) are characterized by light color, silt and clay
dominance and sand intercalation (unit 2). LOI measurements furthermore
signal very low organic content in these sediment units, 2.1–4.4%, that gradually
increase to 10% toward the top samples of unit 3 (579 cm = ca. 13,630 cal yr BP).
Low biogenic silica content in these units supports in-lake productivity minimum
inferred from low organic content, while gradually increasing LOI and biogenic
silica values above 583 cm (14,000 cal yr BP), within the Bølling/Allerød
interstadial (GI-1), suggest gradually increasing in-lake and lakeshore
productivity. This is, however, considerably delayed (by 450 years) when
compared with the pollen-inferred regional coniferous woodland and dwarf
pine (Pinus mugo) scrubland expansion (Fig. 5) that commenced in the mountain
area around 14,450 cal yr BP (Magyari et al. 2009a, in prep). The next sediment
unit encompasses the second part of the Bølling/Allerød interstadial (GI-1) and
the entire Younger Dryas stadial (GS-1) and despite the pollen-inferred cooling
and de-forestation in GS-1 (broadly corresponds to local pollen assemblage zone
3 (TDB-3): 12,800–11,550 cal yr BP; see Fig. 5) the sediment color is darker in this
unit and the average organic content is higher (11%) than in units 1–3, with peak
organic content between 576 and 579 cm (13,350–13,630 cal yr BP; Fig. 5). This
suggests only moderate productivity decrease during the Younger Dryas in and
around Lake Brazi, similarly to Lake Gales. Biogenic silica content shows a similar
pattern to LOI; only a moderate decrease is seen and this predates the Younger
Dryas (Fig. 6). In comparison with the Holocene, however, biogenic silica content
is very low (2–5%), suggesting generally low diatom productivity during the Late
Glacial (Fig. 6). Sediment unit 5 is a thin (4.5 cm) light grey silty clay layer with
decreased organic content (7%; Fig. 5). Our radiocarbon chronology places the
start of its accumulation around 11,650 cal yr BP, i.e. very near to the YD/Holocene
boundary. Although the pollen spectra of this unit clearly indicate coniferous
woodland expansion regionally, the sediment has low organic and biogenic silica
contents (Figs 5 and 6). This may reflect accelerated erosion caused by meltwater
input, as the rapid temperature increase at the onset of the Holocene likely
triggered rapid melting of the high-altitude glaciers (Reuther et al. 2007). Unit 6
is a transitional silty gyttja layer rich in plant macrofossils with gradually
increasing organic content (Table 2; Fig. 5). True gyttja sediments accumulated
from ca. 10,370 cal yr BP in units 7 and 8 (Table 2, Figs 5 and 6), suggesting high
in-lake and lakeshore productivity. Organic content increased rapidly to 65% and
retained high values until ca. 6300 cal yr BP (327 cm). Only a small reversal to
45–50% is seen between 455 and 508 cm (10,060–9,250 cal yr BP). It is notable that
biogenic silica increase in this interval and other inorganic components remains
unchanged, suggesting increased siliceous algal productivity during this period.
Two alternative interpretations are suggested for the increased siliceous algal
productivity: (1) siliceous algae were probably favored over other algal groups for
climatic reasons (in alpine oligotrophic lakes the decreasing duration of ice cover,
elongation of the spring season and moderately warm summers result in the
competitive vigor of diatoms over other algae; Lotter and Bigler 2000), or (2) the
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size of the water body increased and thus provided habitat for a larger siliceous
algae population (Lotter et al. 2001). The gradual organic content decrease after
6,300 cal yr BP (centered around 5,200 cal yr BP; see Fig. 6) is also accompanied
by increasing biogenic silica content and only a minor increase in other inorganic
sediment components (Fig. 6). Note that this change is synchronous with a
regional vegetation shift, namely the expansion of Carpinus betulus and later Fagus
sylvatica in places formerly covered by mixed deciduous (Corylus, Quercus,
Fraxinus, Tilia, Ulmus) forests (Fig. 7). Increasing biogenic silica content can be
interpreted in the same way as between 455–508 cm, and irrespective of which
interpretation is accepted, these changes in the various proxies suggest a major
ecosystem shift, most likely governed by macroclimate change around and after
6300 cal yr BP. Cooling summer temperatures and/or increasing available
moisture are inferred. Following the gradual decrease in organic content and
increase in biogenic silica, the second part of the Holocene, after ca. 4500 cal yr BP,
is characterized by steady organic content values of around 35–40% (Fig. 6).
Discussion
Glacial lake formation times in the northern Retezat
The age-depth models developed for TDB-1 suggest that sediment accumulation
in the glacial basin of Lake Brazi and Lake Gales started between about 15,124 and
15,755 cal yr BP. In the absence of datable material, sediment bottom ages were
inferred by extrapolation of the age-depth curves (Figs 3 and 4) and suggest that
these two mountain sites (Lake Brazi at 1740 m a.s.l. and Lake Gales at 1990 m a.s.l.)
were ice-free before the beginning of the Bølling period (GI-1). Deglaciation times
inferred by Reuther et al. (2007) are in good agreement with our findings; they
suggest the start of ice retreat and melting at around 16.1±1.6 ka BP in the Pietrele
Valley (Fig. 2). This means that melting of the hypothesized buried ice lens at the
site of Lake Brazi could have been delayed only by a few hundred years, owing to
the insulating effect of the debris mantle. Our radiocarbon chronology, further-
more, shows very similar timing of lake formation with glacial lakes situated at
similar latitudes and altitudes in the Southern Alps; e.g. sediment profiles from
Totenmoss, Suossa, Passo del Tonale, Majola Riegel (these sites are at 46° northern
latitude) extend back to > 15,000 cal yr BP (Zoller and Kleiber 1971; Gehrig 1997;
Heiss et al. 2005; Ilyashuk et al. 2009).
The M3 glacier re-advance in the northern Retezat (advance at 13.6±1.5 ka BP;
retreat at 11.4±1.3 ka BP) that was confined to the upper cirque region (Reuther
et al. 2007) can only be detected indirectly in Gales-3 and TDB-1. In TDB-1,
organic content decreases after 13,600 cal yr BP suggesting decreasing in-lake and
lakeshore productivity. This might be due to the cooling effect of the growing
glaciers. Furthermore, the Early Holocene organic-poor sediment unit in TDB-1
(unit 5; Table 2) might have a connection with the accelerated meltwater pulses
and erosion events at the time of the Early Holocene deglaciation.
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Late Glacial and Holocene climatic inferences and their regional comparison
We demonstrated above that local ecosystem productivity showed delayed
response to Late Glacial and Early Holocene climate changes (recorded by δ18O
in Greenland ice cores; Björck et al. 1998) in the subalpine and alpine zones of the
Retezat. However, regional vegetation response was without time lag and
indicated forestation and warming at 14,450 and 11,550 cal yr BP, and cooling at
ca. 12,800 cal yr BP. Thus regional vegetation and local ecosystem changes are off-
set in the northern Retezat Mountains. The most likely cause of the delayed
response at high altitude in the Retezat is remnant ice that likely had a cooling
effect, thus delaying local forest and soil development. During the Late Glacial
the lake ecosystem was probably strongly affected by input of snowmelt water
that resulted in a cold aquatic environment. This factor can be a possible inter-
pretation for the delayed productivity increases in the lakes, both at the GS-2/GI-
1 and GS-1/Holocene transitions. Similar findings by Ilyashuk et al. (2009) in the
Swiss Alps support this interpretation. Further support comes from geomorpho-
logical evidence, according to which stone glaciers existed during the M3 glacial
advance in the northwestern part of the Gales firn basin (between 13.6±1.5 and
11.4±1.3 ka BP) (Urdea 2004; Nagy, pers. com.). The ice core of these stone
glaciers must have supplied cold water (0.4–0.5 °C) to Lake Gales during and
probably well after the deglaciation, as similar stone glaciers still persist in the
nearby Pietrele Valley (west of Lake Gales; Fig. 2) and also above Lake Lia on the
southern flank of the Retezat (Nagy, pers. comm.).
In the upper lake (Lake Gales) organic sediment accumulation only began in
the Early Holocene, at ca. 11,700 cal yr BP (Table 2). Again, similar results from
deep lakes in the Swiss Alps suggest that the proximity of the remnant high-
altitude glaciers to the alpine lakes further hampered aquatic productivity
increase (Gobet et al. 2003).
Sediment stratigraphies and LOI measurements from TDB-1 suggested that in-
lake and lakeshore productivity did not decrease considerably during the YD
reversal in Lake Brazi. Sediment accumulation rates, on the other hand,
decreased considerably during the YD (12,800–11,550 cal yr BP; Appendix 1)
suggesting that the net influx of organic and inorganic matter decreased,
probably in response to longer ice cover. Overall, the moderate decrease in
productivity can probably be explained by the position of the lake relative to the
YD tree line. As evidenced by the pollen and macrofossil records (Magyari et al.
2009a; in prep., the catchment of the lake was situated below the tree line during
the YD, and this may have mitigated local productivity response to the cooling.
Nonetheless, the pollen records clearly indicate regional deforestation and
expansion of steppe tundra vegetation at high altitudes in this period (Fig. 5).
In the Southern Alps, Late Glacial, and within it, some Younger Dryas
sediments have high organic content. In the Palughetto basin, for example, a
change from gyttja to peat coincides with the YD reversal (Vescovi et al. 2007) and
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suggests decreasing moisture availability during the YD, but no drastic
productivity decrease, similarly to Lake Brazi. 
In the Romanian part of the Carpathians detailed Late Glacial sediment
stratigraphies and LOI records are only available from lake sediment profiles in
the Gutaiului Mountain (730 and 790 m a.s.l.; Feurdean and Bennike 2004;
Wohlfarth et al. 2001; Fig. 1). Similarly to TDB-1 and Gales-3, lithostratigraphic
changes in these sediment profiles show weak correlation with the Late Glacial
event stratigraphy (Björck et al. 1998), though the pollen and macrofossil records
clearly indicate warming and cooling episodes in line with the Late Glacial
oxygen isotope phases (Feurdean and Bennike 2004). Organic content increased
gradually during the Late Glacial in these sequences, similarly to TDB-1.
In the Retezat Mountains, the only site available for comparison is Taul
Zanoguti (1840 m a.s.l.; Farcas et al. 1999; Feurdean et al. 2007). Although Pop and
his colleagues studied several peat bogs in the Retezat for pollen (e.g. Lupsa 1968;
Pop et al. 1971), other radiocarbon-dated Late Glacial profiles are not available.
The lakeshore sediment sequence of Taul Zanoguti shows very slow sediment
accumulation during the Late Glacial (Feurdean et al. 2007). It seems that 20 cm
sediment represents nearly 4,500 years, between 14,800 and 11,500 cal yr BP, and
displays very similar pollen stratigraphy to TDB-1 and Gales-3 with a marked
Artemisia increase during the YD reversal. Very slow sediment accumulation
rates during the Late Glacial can probably be connected to low in-lake
productivity, but may also reflect the lakeshore position of the core; sediment
probably drifted off towards the center in the lake phase. Nonetheless the
radiocarbon chronology suggests that sediment accumulation in the lakeshore
area of Taul Zanogutii started later than in TDB-1 and Gales-3, around 14,800 cal
yr BP.
In the Holocene part of TDB-1, LOI and biogenic silica measurements
suggested one major shift that started around 6,300 cal yr BP and culminated
around 5,200 cal yr BP (Fig. 6). Physical proxies suggested summer cooling,
shorter duration of the winter ice-cover season and/or increasing size of the water
body, possibly in response to increasing available moisture. Lake level
reconstructions from the Carpathian Mountains are scarce, but a crater lake in the
Eastern Carpathians, Lake St Ana (Magyari et al. 2006, 2009b; Fig. 1), showed
increasing lake levels nearly the same time, from ca. 5,350 cal yr BP. Further
support for the regional extent of this climatic signal comes from Romanian
stalagmites, where d 18O curves indicate the termination of the Early-Mid
Holocene warming around 5,200 cal yr BP. After this date, stable and gradually
declining isotope values were found punctuated by short-term increases and
interpreted as a reflecting gradual decrease in annual temperatures with short-
term reversals to warm periods (Constantin et al. 2007). Furthermore, our
inferred mid-Holocene summer cooling and winter warming show good
agreement with the northern hemisphere summer and winter insolation curves
that display higher than present summer insolation between 11,000–5000 cal yr
BP followed by decline, and an opposite trend for winter insolation (Huybers
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2006; Wanner et al. 2008). Magny and Haas (2004) summarized correlative events
in various regions at 5,600–5,200 cal yr BP and pointed out that a mid-Holocene
climatic reversal is observable in both hemispheres. Prevailing climate cooling at
that time resulted in glacier advance, decline in polar and mountain tree limits
and increasing permafrost, among others. 
Conclusions
We demonstrated in this study that local ecosystem productivity showed
delayed response to Late Glacial and Early Holocene climatic changes in the
subalpine and alpine zones of the Retezat Mountains, most likely attributable to
the cooling effect of remnant glaciers and meltwater input. However, we also
demonstrated that regional vegetation response was without time lag and
indicated forestation and warming at 14,450 and 11,550 cal yr BP, and cooling at
ca. 12,800 cal yr BP. In the Holocene, one major shift was detected, starting around
6,300 cal yr BP and culminating around 5,200 cal yr BP. The various proxies
suggested summer cooling, shorter duration of the winter ice-cover season and
increasing size of the water body, most likely in response to increasing available
moisture at the time of the mid-Holocene climatic reversal.
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Appendix
Sediment depths, calibrated BP ages and sediment accumulation rates (SAR) from TDB-1 (Lake Brazi)
on the basis of the consensus timescale that for the Late Glacial and Early Holocene use the nonlinear
polynomial regression model (Fig. 6), while for the rest of the Holocene the linear interpolation model
(Fig. 4c) is employed. See text for details
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